The murine epidermis contains resident T cells that express a canonical cd TCR and arise from fetal thymic precursors. These cells are termed dendritic epidermal T cells (DETC) and use a TCR that is restricted to the skin in adult animals. DETC produce low levels of cytokines and growth factors that contribute to epidermal homeostasis. Upon activation, DETC can secrete large amounts of inflammatory molecules which participate in the communication between DETC, neighboring keratinocytes and langerhans cells. Chemokines produced by DETC may recruit inflammatory cells to the epidermis. In addition, cell-cell mediated immune responses also appear important for epidermal-T cell communication. Information is provided which supports a crucial role for DETC in inflammation, wound healing, and tumor surveillance.
Introduction
cd T cells with invariant or restricted TCR are preferentially located within epithelial tissues that are the points of contact between the body and the outside world. The skin is an important barrier and is under constant assault by pathogens, trauma, and UV irradiation as well as being a common site for malignancy. Thy-1
? dendritic epidermal T cells (DETC) found in murine skin express a canonical cd TCR composed of Vc3/Jc1-Cc1 and Vd1/Dd2/Jd2-Cd chains [1] [2] [3] , and have not been found elsewhere in the adult mouse [4, 5] . Dendritic epidermal T cells monitor epidermal cells and are poised to recognize and respond to undefined self antigens expressed by neighboring keratinocytes after damage or disease. Once keratinocyte distress is detected, the DETC respond by the local secretion of chemokines, cytotoxic effector molecules, growth factors and cytokines that orchestrate skin inflammation, tumor killing and wound healing responses (Fig. 1) . Skin-resident cd T cells and their functions are best characterized in the mouse, and these data are the main focus of this review. However, recent results confirm that there is a population of cd T cells that is resident in human epidermis along with the more prevalent ab T cells. Functions of these cells and implications for immune responses by skin-resident T cells in human disease are discussed.
Localization of cd T cells to the epidermis
TCR c and d genes are rearranged and expressed in a series of overlapping waves during development with cells bearing specific TCR preferentially or exclusively migrating from the thymus to specific epithelial and lymphoid sites. Although theoretically cd T cell receptors are capable of great combinatorial diversity, in contrast to ab T cells, cd T cells express highly restricted or invariant TCR. Some of the features of the ontogeny, tissue tropism, and antigen receptor diversity of cd T cells are very different from ab T cells. DETC precursors are the first T cells to develop in the embryonic thymus. During embryonic development the TCRc genes rearrange in order of proximity to the J with Vc3 being expressed first followed by Vc4 [6] . The TCR expressed by these cells is invariant with no junctional diversity due to the lack of expression of terminal deoxynucleotidyl transferase, gene accessibility, and recombination signal sequence restrictions at this stage of fetal development [7] [8] [9] . Vc3 ? thymocytes undergo maturation in the fetal thymus as shown by decreased expression of CD24 [10] and upregulation of CD122 [11] . It is unknown if antigen is expressed in the embryonic thymus or if TCR-mediated signals are required for development of DETC precursors. However, evidence suggests a role for cell-mediated selection events. Interestingly, Skint1 was recently identified as a molecule that is exclusively expressed on epithelial cells in the thymus and epidermis [12] . In mice that lack expression of Skint1, Vc3 Vd1 DETC precursor cells are found in the embryonic thymus but retain an immature phenotype and do not undergo maturation/ selection steps that are required for thymic egress and migration to the skin [12] . These data suggest that Skint1 provides a key signal for DETC development and further study should demonstrate whether Skint1 interacts directly with the DETC TCR or other molecules on the T cell or alternately regulates expression of additional molecules that promote T cell development.
Cytokines play key roles in development of DETC precursors. DETC are absent or greatly diminished in numbers in mice that lack expression of IL-2Rb, IL-7, IL-7R, IL-15 and IL-15R [13, 14] . Signals provided by IL-7 to ? T cells in murine epidermis. Here, they provide a first line of defense against infection, malignancy and injury. DETC contribute to epidermal homeostasis by constitutive production of growth factors and cytokines which promote survival of keratinocytes. Upon infection or other stress to the epidermis, DETC produce a variety of chemokines and cytokines which delicately regulate the cutaneous inflammatory response. When keratinocytes become damaged following injury, this leads to upregulation of an unknown antigen which is subsequently recognized by DETC through the TCR. Additional costimulatory signals are provided to DETC by junctional adhesion molecule-like protein (JAML) recognition of increased Coxsackie and Adenovirus receptor (CAR) expression on wounded keratinocytes. Once activated, DETC locally secrete factors such as keratinocyte growth factors which aid the wound healing response as well as release inflammatory and chemotactic factors to help recruit cells into the site of damage. DETC are also involved in tumor surveillance of cutaneous tumors such as squamous cell carcinoma through TCR and/ or NKG2D signals. NKG2D ligands become upregulated on keratinocytes and recognition by DETC leads to anti-tumor effects. The DETC are thus able to provide a multi-pronged defense against disturbance of epidermal homeostasis
IL-7R
? fetal thymocytes were shown to be essential for TCRc gene transcription and rearrangement [14] . Critical IL-7R signaling for DETC precursor development occurs through the JAK/STAT pathway since JAK3
-/-and STAT5 -/-mice have decreased V-J rearrangement and lack both fetal Vc3
? cells and DETC in adult skin [15, 16] . In contrast, IL-2 and IL-15 facilitate expansion and survival of the DETC precursors [13] . The restrictions in early fetal gene rearrangement, together with specific signals from cytokines and Skint1, provide a window during ontogeny for development of DETC that is missing in the adult.
DETC thymic precursor cells that have undergone appropriate maturation and selection events receive signals that regulate thymic egress and localization to the skin. Although this process is not completely understood, several relevant molecules have recently been identified. E and P selectin ligands are expressed on DETC in adult skin, as well as on DETC precursors in the fetal thymus [17] . Mice deficient in E or P selectin ligands show a dramatic decrease of DETC numbers in the epidermis [17] . Since CCL27 is abundantly expressed in the skin, this raises the possibility that its receptor CCR10 functions as a skinhoming receptor for DETC precursors. Vc3
? DETC precursors develop normally in the fetal thymus of CCR10-deficient mice but are defective in migration into the skin [18] . However, the few DETC which seed the skin expand locally to reach normal, homeostatic numbers [18] .
CCR10
-/-DETC display abnormal morphology and are also found in the dermis in contrast to the typical epidermal restricted localization [15] . Mice deficient in the chemokine receptor CCR4 also have normal numbers of Vc3 ? fetal thymic DETC precursors [17] . However, Vc3
? DETC are greatly diminished and the adult CCR4-deficient epidermis is predominantly populated by T cells expressing alternate cd TCRs [17] . Further study is needed to determine how adhesion molecules, chemokine receptors and other molecules contribute to DETC homing to the epidermis as well as important issues of DETC survival and epidermal retention.
Role of epidermal cd T cells in maintenance of epidermal homeostasis
The epidermis is ideally constructed to protect the body from outside insults and therefore utilizes multiple mechanisms to resolve local trauma and preserve tissue homeostasis. The keratinocytes have a rapid rate of turnover as they constantly differentiate and renew the epithelium. Maintenance of homeostasis requires a balance between the keratinocyte proliferation and apoptosis that follows terminal differentiation. Rates of proliferation and apoptosis are modulated in response to stress or trauma to facilitate tissue repair [19] . Epithelial diseases such as psoriasis can occur when there is dysregulation of this balance. Many factors contribute to epidermal homeostasis including the tissue-resident cd T cells [20, 21] .
Mice that lack DETC (TCRd -/-mice) have increased epidermal apoptosis compared to wild-type mice suggesting a role for DETC in regulation of epidermal homeostasis [20, 21] . Insulin-like growth factor 1 (IGF-1) mediates epidermal development and maintenance through binding the heterotetrameric IGF-1 receptor expressed by keratinocytes [22] . DETC constitutively produce low levels of IGF-1 [21] that can prevent keratinocyte apoptosis by inducing expression of anti-apoptotic Bcl-2 family members [23] . Addition of recombinant IGF-1 or DETC to TCRd -/-mice abrogates the abnormal apoptosis and restores epidermal homeostasis to these mice [21] .
Regulation of homeostasis is critical for proper function of epithelial border tissues including the epidermis. The skin is constantly under assault through exposure to UV irradiation, infection, allergens, chemicals, and injury. As a consequence, homeostasis is interrupted. Following resolution of the trauma, skin homeostasis must be restored to maintain effective barrier and sentinel functions. Resident intraepithelial T cells including DETC may be effective targets for treatment when tissue homeostasis is dysregulated during epithelial diseases.
Role of epidermal T cells in skin inflammation
The close physical contact between DETC and keratinocytes suggests the possibility of a functional interaction. While the role played by DETC during tissue homeostasis has been extensively studied, the role of DETC-produced factors during skin inflammation is less clear. It seems likely that DETC not only respond to epidermal cytokines but also secrete factors which modulate the immunological functions of neighboring and peripheral cells. Upon cognate stimulation, DETC can secrete a variety of cytokines and chemokines which may play important roles in cutaneous inflammation and crosstalk between DETC, keratinocytes and dendritic cells.
Chemokines can selectively recruit immune cells to inflamed tissues including the skin. DETC have been analyzed for their expression of various chemokines such as CCL-3, also known as macrophage inflammatory protein (MIP1a), CCL-4 (MIP-1b), CCL5 (RANTES) and XCL1 (lymphotactin) [24, 25] . Transcript abundance is detected in low amounts under resting conditions but is rapidly upregulated upon activation. Migration of CD8
? ab T cells in vitro was induced by activated DETC and migration could be blocked most extensively by neutralizing anti-XCL1 antibody with a more moderate effect of neutralizing additional chemokine activity [25] . This suggests that DETC may play important roles in directing migration and recruitment of specialized cells to sites of inflammation or damage. Indeed, migration of ab T cells and macrophages to the epidermis is delayed in TCRd -/-mice during the inflammatory phase of wound repair [26] .
In addition to chemokines, activated DETC produce several known cytokines including IL-2, IL-3, granulocyte-macrophage colony stimulating factor (GM-CSF), interferon (IFN)c, and tumor necrosis factor (TNF)a. Comparable to chemokines, these cytokines are detected at low amounts under resting conditions but expression is rapidly upregulated upon stimulation. Interestingly, TNF-b mRNA is abundant under resting conditions but is suppressed upon DETC activation. Other cytokines such as TGFb1 are less affected by cell activation and are abundantly expressed in both resting and activated cells. Transcript abundance for other cytokines including IL-1a, IL-1b, IL-6 and IL-7, IL-10 and IL-13 are only marginally detectable [25] , and intracellular cytokine staining failed to detect IL-4, IL-10, and IL-5 [25] . Various cytokines have been detected in cd T cells, including DETC, ex vivo following infection, barrier disruption, tumor formation and other insults [27] [28] [29] [30] . This suggests that findings from in vitro studies are relevant for in vivo situations. However, additional studies are needed to better understand distinctive subpopulations of cd T cell-specific cytokine production in vivo.
DETC appear to be a rich source for a variety of cytokines and chemokines, which are mainly pro-inflammatory but do not exclusively fit into a clear T helper (Th) cellbased scheme of restricted cytokine production as observed for Th0,TH1, Th2, Th17, and T regulatory cells. Thus, further analyses will be helpful to gain more insight into the regulation, limitation and plasticity of DETC signature cytokines. The ability to produce many inflammatory cytokines suggests that DETC may be critically involved in cutaneous inflammatory responses.
Role of epidermal T cells in inflammatory skin diseases
In vivo, skin inflammation is caused by numerous factors, including infections, allergy, irritants, autoimmune reactions, UV and drug-induced inflammation among others. DETC may play relevant roles in these inflammatory conditions as has been suggested by results from several groups.
Localization of large numbers of cd T cells in epithelial layers including the skin suggests that these cells form a first line of defense against invading pathogens. Indeed, mice lacking DETC (TCRd -/-) were found to develop much larger skin lesions with higher bacterial counts and impaired neutrophil recruitment upon cutaneous infection with Staphylococcus aureus [31, 32] . DETC may also exert a protective role against Gram-negative bacteria since DETC respond to in vitro stimulation by Gram-negative bacteria by enhanced secretion of GM-CSF [33] . Importantly, bacterial stimulation apparently does not require the presence of additional cells [33] , which suggests that DETC, like other cd T cells, express innate pattern recognition receptors such as Toll-like receptors (TLR), which enable them to directly recognize microbial patterns [34] . Indeed, DETC have been reported to upregulate expression of TLR4 during cutaneous inflammation [35] . Future analyses of the abundance of TLRs and other innate pattern recognition receptors on DETC will aid in the understanding of how DETC sense microbial infections. Much work has been performed to elucidate the role of cd T cells in contact hypersensitivity models. Delayed-type contact hypersensitivity (CS) responses are an exemplified model of T cell-mediated immunity. Cutaneous CS consists of the afferent or initial sensitizing phase followed by the efferent or elicitation phase. The latter phase occurs when epidermal cells encounter antigens to which they have previously been exposed and is characterized in mice by localized swelling and in humans by eczema of the skin. Early publications reported that cd T cells assist ab T cells in adoptive transfer of contact hypersensitivity [36] . The requirement for cd T cells appears unnecessary for the initiation of CS but is important for the systemic transfer of CS by ab T cells. More recent studies have shown that cd T cells are in fact required to elicit CS responses and act in an antigen-nonspecific and non-MHC-restricted manner to promote the antigen/MHC-specific ab T cell response leading to CS [36] . However, these experiments used lymph node and splenic T cells obtained after sensitization for transferring CS and did not distinguish between peripheral and epidermis-specific Vc3 Vd1 cells. Additional studies from the same group further reveal that surprisingly augmented CS responses are observed following in vivo treatment with anti-Vc3 and anti-Vd4 antibodies. Since cd T cell subsets were not depleted from the peripheral blood, lymphoid organs or epidermis, the authors conclude that the antibody treatment induced activation rather than depletion of cd T cells subsets which then augmented CS responses [37] [38] [39] . These results are further supported by evidence that indeed Vc3
? DETC are the required subset of cd T cells to mediate ab T cellmediated CS responses [40, 41] . Following exposure to contact sensitizer on the skin, the absolute number of cd T cells increases in the regional lymph nodes and accumulate at the antigen challenge site, with the vast majority being Vc3
? . These Vc3 ? cells proliferate in response to IL-7, but only poorly to IL-2 and IL-4. Furthermore, injection of mice with mAb to IL-7 inhibits accumulation of Vc3
? cells both in the lymph nodes after skin sensitization and at the antigen-challenge site [41] . These results support the conclusion that DETC are the original source of the cd cells found in the lymph node after skin sensitization and at the site of challenge, supporting a key role for DETC in CS responses.
Other studies on skin inflammation by Girardi et al. [42] have provided further insight into the role of skin-resident Vc3
? T cells. TCRd -/-mice on some genetic backgrounds (FVB and NOD) spontaneously develop localized dermatitis, whereas other strains do not (C57BL/6). The pathology of the observed dermatitis in susceptible strains requires the presence of ab T cells since mice lacking both ab and cd T cells are asymptomatic. FVB and NOD TCRd -/-strains appear to be more susceptible to allergic and irritant contact dermatitis reactions than their cd T cellsufficient controls, whereas no significant differences were observed in cd T cell-sufficient or -deficient C57BL/6 mice. Adoptive transfer experiments revealed that in fact the Vc3
? DETC are necessary and sufficient to downregulate spontaneous and irritant contact dermatitis in FVB TCRd -/-. However, the underlying mechanisms for these results are largely unknown. Do DETC produce regulatory cytokines which dampen ab T cells responses? Are cellcell interactions between DETC, DC and T cells required to mediate their regulatory function? In addition, data are not provided showing whether Vc3
? cells are also necessary and sufficient to downregulate allergic contact dermatitis in susceptible strains. Caution should be present when interpreting early publications in which FVB mice were provided by Taconic (FVB tac ). A mutation in the Skint1 gene in these mice results in impaired thymic maturation selectively of Vc3 Vd1 DETC progenitors [12] . As a result, DETC lack the Vc3 Vd1 TCR, but instead express a heterogeneous mixture of cd T cells [43] .
By contrast to the conventional CS response which is induced by immunization via skin painting with sensitizing haptens, mice respond to high intravenous doses of soluble hapten by developing tolerance. Several studies have demonstrated that high dose tolerance may be associated with the development of regulatory T cells that limit the response of CS effector cells [44, 45] . Intriguingly, it could be shown that cd T cells can mediate downregulation of both ab and cd CS effectors in vivo and IFN-c production by these CS effectors in vitro [46] . These results, together with the findings that cd T cells have the capacity to negatively regulate ab T cell-driven allergic IgE responses [47] , expose novel roles of cd T cells. However, further studies analyzing Vc3
? DETC in this tolerance model are useful and will aid the understanding of the role of DETC in regulating inflammatory and allergic responses.
The presumed role of cd T cells as a counter-regulator of ab T cell responses has also become attractive in the setting of autoimmune-induced skin inflammation. Cutaneous graft-versus-host (GVHD) disease, in which epidermal structures are selectively destroyed, can be induced by local injections of autoreactive ab T cells. This autoimmune response is self-limiting, and epidermis that spontaneously recovers from the destruction becomes resistant to re-challenge of GVHD [48] . The local resistance correlates well with the expansion of DETC, which supports a role for DETC against autoimmune attacks [49] . In contrast, TCRd -/-mice are not resistant to the rechallenge of GVHD, further supporting the indispensable role for DETC in this scenario [49] .
Together, results from several systems indicate that DETC can produce a variety of cytokines and chemokines which are soluble mediators of intercellular communication and may substantially regulate inflammatory responses. The functional roles of DETC in in vivo CS reactions are quite well characterized; however, the signaling pathways, cytokine and chemokine responses involved in mediating CS elicitation or downregulation remain less clear.
Role of epidermal T cells in skin tumor immunity
In addition to protecting epithelial tissues from disruption and excessive inflammatory responses, DETC can exert anti-tumor function. DETC share characteristics of typical innate immune effector cells such as exhibiting rapid functional responses, recognition of innate ligands, and expression of NKG2D, but they also express a rearranged T cell receptor, a hallmark for adaptive immune cells; all these features may provide tools for exerting anti-tumor function. In fact, DETC can lyse skin-derived tumors as well as the lymphoma cell line YAC-1 targets effectively, and this occurs in a non-MHC-restricted manner [50] . Moreover, confluent monolayers of melanoma or the cutaneous squamous cell carcinoma cell line Pam 212 are disrupted completely by addition of DETC. The cytolytic activity of DETC appears to be specific for tumor cells, since normal mouse keratinocyte monolayers remain intact under the same conditions [50] .
Further evidence for the role of DETC in tumor immune surveillance is provided by work from Girardi et al. [51] . Mice lacking cd T cells are highly susceptible to cutaneous malignancies induced by xenograft transplants or chemical carcinogenesis with DMBA/TPA [51] . While DETC confer protection from DMBA/TPA-induced papillomas and carcinomas, ab T cells seem to promote tumor progression in this model of carcinogenesis [51] . In contrast, in transplantable tumor models using the PDV keratinocyte tumor cell line, both cd and ab T cells appear to be important for the number of developing tumors [51] . One mechanism by which cd T cells regulate tumor development in the DMBA/TPA model is through NKG2D recognition of the stress ligand retinoic acid early transcript 1 (Rae1) protein, which is induced in the skin by DMBA/TPA treatment. NKG2D-expressing skin cd T cells can kill Rae1-expressing targets in vitro [51] , but in transgenic mice expressing Rae1 in the skin, NKG2D expression is downregulated on lymphocytes, and consequently these mice are more susceptible to papilloma induction than are wild-type mice [52] . These results suggest that long-lasting activation of skin-resident cd T cells may render them anergic.
Murine NKG2D recognizes not only Rae1 but also several other ligands, including murine UL-16 binding protein-like transcript-1 (Mult1) and histocompatibility 60 (H60a-H60c), reviewed in [53] . A controversial issue with respect to NKG2D function is whether it provides a stimulatory or co-stimulatory signal to responding cells, including DETC. Recent studies have provided insight into the role of NKG2D. NKG2D-H60c interaction alone is not sufficient to activate DETC, but instead provides a costimulatory signal that is important for activating DETC in response to stimulation with keratinocytes [54] . However, this observation is in clear contrast to an earlier report suggesting direct activation of DETC through NKG2D [55] . A possible explanation for this reported discrepancy is that NKG2D can function in several contexts. NKG2D usually associates with the adaptor molecule DAP10 which does not contain immunoreceptor tyrosine-based activation motifs (ITAM) and is therefore believed to mediate costimulatory signals and not direct activation [56, 57] . However, DAP10 can, in some cells such as natural killer cells, provide a sufficient signal to induce cytotoxicity and possibly even cytokine production [58, 59] . Under certain circumstances, NKG2D may instead associate with the ITAM-containing DAP12 signaling subunit [56, 57] , potentially resulting in the ability to directly activate cells. Intriguingly, NKG2D engagement in the absence of TCR engagement has been reported to be sufficient for activating cytotoxicity and cytokine release by DETC, through expression of NKG2D-associated DAP12 [55] .
Interestingly, cd T cells, including DETC, can produce cytolytic effector molecules such as perforin and granzymes which are required to directly kill tumor cells [60, 61] . In addition, skin cd T cells produce a variety of cytokines, such as IFN-c and IL-2 [20] which may contribute to the anti-tumor response [62] [63] [64] . The role of cytokine production by DETC in their anti-tumor function has not been well studied, and may provide interesting parallels and insights into tumor-associated inflammation which may provide either a tumor-promoting or -inhibiting signal.
Role of epidermal cd T cells in wound healing
Wound healing is a complex process requiring constant communication between cells in the form of cytokine release, cell-to-cell contacts and cell-to-matrix interactions. The healing process can be divided into several overlapping steps. These include matrix deposition initially in the form of a blood clot and subsequently as granulation tissue, the induction of epithelial cell proliferation and differentiation, the recruitment of inflammatory cells, and the formation of scar tissue [65] [66] [67] . In pathologic conditions including spinal cord injuries, infection, malnutrition, diabetes, and other chronic diseases, the ordered and efficient processes are disrupted and chronic, non-healing wounds can be the result. As the population ages, increased numbers of patients with chronic wounds are expected resulting in escalating costs to the health care system [68, 69] . Over 4 million patients in the US are afflicted with chronic venous leg ulcers, pressure sores, ischemic ulcers, and diabetic foot ulcers [65, 68, 69] . Chronic wounds contribute to morbidity and mortality of these patients [70] . Patients with a severe thermal injury are at a significant risk for sepsis due to extensive skin loss and delayed healing. Morbidity and mortality is directly correlated to time until re-epithelialization [71] . It is clear that a better understanding of the cells and mechanisms that contribute to an effective wound healing process is necessary so that new strategies for treatment of wounds can be devised.
Since DETC are ideally localized to monitor the epidermis for damage, it seemed likely that they could contribute to tissue repair. Activated DETC inducibly secrete keratinocyte growth factors (KGF-1/FGF-7 and KGF-2/FGF-10), potent epithelial cell mitogens [72] [73] [74] . KGF-1 and KGF-2 are members of the rapidly growing fibroblast growth factor (FGF) family. KGF-1 acts specifically on epithelial cells, including keratinocytes, to stimulate proliferation and migration of these cells as well as in wound healing [73] [74] [75] . In addition, activated DETC produce chemokines that may affect migration of cells into the epidermis following trauma [25] . These results suggest that DETC may participate not only in maintenance of epithelial homeostasis but also in tissue repair.
In the absence of the canonical DETC, there are defects in keratinocyte proliferation, tissue re-epithelialization, inflammation, and wound closure following wounding. DETC are activated at wound sites and produce cytokines including the epithelial growth factors KGF-1 and KGF-2 [76] . A keratinocyte-responsive cd TCR is necessary for activation of the DETC by damaged keratinocytes during wound healing and is also required for the maintenance of T cells in the epidermis [77] . In addition, DETC are necessary for the recruitment of inflammatory cells into the wound site. In a novel mechanism, DETC-produced KGFs stimulate production of hyaluronan by epidermal cells which then controls migration of macrophages into wounds [26] . These results indicate that DETC recognize antigen(s) expressed by stressed or damaged keratinocytes [78] and that recognition of this unknown antigen regulates DETC functional responses.
However, recognition of TCR antigens alone appears to be insufficient for DETC to assist in wound healing. A new cell surface pair of receptor-ligand molecules was recently identified that specifically provides costimulatory signals to epithelial-resident cd T cells, including DETC [79, 80] . The junctional adhesion molecule-like protein (JAML) is upregulated on activated DETC. Binding of JAML to its ligand on keratinocytes, the Coxsackie and Adenovirus receptor (CAR), provides costimulation leading to cellular proliferation and cytokine and growth factor production. Typically, CAR expression is upregulated on keratinocytes located around wounds in normal mice and this increased expression is sustained for several days. Junctional adhesion molecule-like protein is similarly upregulated on DETC in wounded tissues suggesting a role for costimulation in wound healing responses of DETC. Inhibition of JAML-CAR-mediated costimulation leads to diminished cd T cell activation and delayed wound closure similar to that seen in the absence of cd T cells [79] .
Since DETC play a positive role in wound healing, this raises the possibility that human epidermal-resident T cells may have similar roles in healing wounds and that their functions may be absent or aberrant in patients with chronic wounds. Human epidermis differs from mouse epidermis in that the major population of epidermal T cells bears an ab TCR with 1-20% of the cells expressing the Vd1 TCR. Vd1 is also expressed by human intestinal cd T cells [81] while peripheral blood and dermal cd T cells express the Vd2 TCR [82] . In addition, human skin is significantly thicker than mouse skin and has reduced hair density. These differences must be considered in the translation of findings from work in mouse skin to patient skin. Therefore, it was important to determine whether human epidermal T cells contribute to wound healing and if healing responses are specific to the epidermal cd T cells or also shared by epidermal-resident ab T cells. Initial studies showed that both ab and cd T cells isolated from normal human epidermis could produce growth factors, including IGF-1 following in vitro activation [83] . Since IGF-1 has been shown to contribute to healing of human wounds, this supported the possibility that both epidermal resident T cell populations could potentially contribute to wound healing. This was tested directly by comparing epidermal T cells isolated from acute healing wounds 3-4 days post-injury to T cells from chronic wounds with impaired healing at greater than 2 months following initial injury. In patients with acute, healing wounds, both ab and cd epidermal T cells are activated and produce growth factors that can contribute to healing [83] . In contrast, epidermal T cells from patients with chronic, non-healing wounds are not activated nor secreting growth factors. These T cells are further unable to produce growth factors in response to ex vivo stimulation suggesting an impaired or anergic status of epidermal T cells in chronic wound tissue. These results indicate that epidermal T cells in both mouse and man contribute to effective wound healing and that T cell responses may be defective in patients with chronic wounds.
New strategies for modulation of the activation of epidermal T cells in vivo or in vitro for immunotherapy could have major wound healing benefits. It will be interesting to determine the status of expression of molecules such as JAML and CAR in patients with chronic wounds. Costimulatory molecules have been proposed as targets for immunotherapy, raising the possibility of future therapeutic roles for the epithelial cd T cell costimulatory pair, JAML and CAR, in wound healing and inflammatory diseases. A greater understanding of the biology of skin cd T cells in wound healing may have an impact on development of future strategies for significant improvements in the quality of tissue repair.
Conclusions
In summary, numerous studies of DETC function indicate that the cutaneous immune system is essential for protection of epidermal integrity, response to environmental stimuli, regulation of inflammation, tumor surveillance, and wound healing. These protective roles of DETC highlight this population as an integral part of the skin immune system and emphasize the importance of the identification of DETC TCR ligands. The relevance of these murine studies for human skin disease are supported by the recent reports of similar functions for epidermalresident T cells in human wound healing. The consequences of the constant exposure of the skin to insults, infection and injury are mitigated by the contributions of the DETC to maintenance of tissue homeostasis. Future studies should clarify the importance of particular molecules and mechanisms utilized for development and function of skin-resident cd T cells as well as identify therapeutic targets for manipulation of these cells to combat epithelial diseases.
